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Duchenne muscular dystrophy (DMD) is a devastating neuromuscular disease in which
weakness, increased susceptibility to muscle injury, and inadequate repair appear to
underlie the pathology. While most attention has focused within the muscle fiber, we
recently demonstrated in mdx mice (murine model for DMD) significant morphologic
alterations at the motor endplate of the neuromuscular junction (NMJ) and corresponding
NMJ transmission failure after injury. Here we extend these initial observations at the
motor endplate to gain insight into the pre- vs. postsynaptic morphology, as well as
the subsynaptic nuclei in healthy (WT) vs. mdx mice. We quantified the discontinuity
and branching of the terminal nerve in adult mice. We report mdx- and age-dependent
changes for discontinuity and an increase in branching when compared to WT. To
examine mdx- and age-dependent changes in the relative localization of pre- and
postsynaptic structures, we calculated NMJ occupancy, defined as the ratio of the
footprint occupied by presynaptic vesicles vs. that of the underlying motor endplate. The
normally congruent coupling between presynaptic and postsynaptic morphology was
altered inmdx mice, independent of age. Finally we found an almost two-fold increase in
the number of nuclei and an increase in density (nuclei/area) underlying the NMJ. These
outcomes suggest substantial remodeling of the NMJ during dystrophic progression.
This remodeling reflects plasticity in both pre- and postsynaptic contributors to NMJ
structure, and thus perhaps also NM transmission and muscle function.
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Introduction
The most common and severe form of muscular dystrophy is Duchenne muscular dystrophy
(DMD), a disorder caused by the absence of dystrophin, a structural protein found on the
cytoplasmic surface of the sarcolemma (Watkins et al., 1988). Themdxmouse also lacks dystrophin
and has been widely used as an animal model of DMD (Bulfield et al., 1984; Willmann et al.,
2009). Dystrophin is part of the dystrophin-associated glycoprotein complex (DGC or DAPC),
which connects the internal cytoskeleton of the muscle fiber to the extracellular matrix. The
DGC also accumulates at the postsynaptic membrane (aka motor endplate) of the neuromuscular
junction (NMJ), the area of synaptic contact between a motor neuron and its target muscle fiber
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(Grady et al., 2000). The motor endplate is a specialized area
of the sarcolemma that rapidly and consistently responds to
release of neurotransmitter from the overlying nerve terminal.
Proper development and organization at the NMJ are necessary
for effective neuromuscular transmission (Wood and Slater,
1997; Sanes and Lichtman, 1999), but a number of pathological
conditions affecting the distribution of acetylcholine receptors
(AChRs) can lead to impaired transmission (Wood and Slater,
2001). The NMJ can display alterations in synaptic organization
due to inactivity, denervation, aging, or crush injury to the
nerve/muscle (Wilson and Deschenes, 2005; Jang and Van
Remmen, 2011; Kawabuchi et al., 2011; Sieck et al., 2012).
Similarly, the absence of associated proteins can cause changes
in structure, and without exception, the motor endplate is
noticeably disrupted in patients with DMD andmdxmice (Kong
and Anderson, 1999; Adams et al., 2000; Marques et al., 2004;
Banks et al., 2009; Chipman et al., 2010; Kulakowski et al., 2011).
Patients with DMD and mdx mice also have increased
susceptibility to injury compared to their non-dystrophic
counterparts. Over time, this damage/degeneration exceeds
the ability to repair/regenerate muscle, leading to irreversible
muscle wasting throughout life. The increased force loss after
contraction-induced injury is typically attributed to structural
weakness of the muscle fiber cytoskeleton and changes in
signaling within myofibers secondary to the loss of dystrophin
(Hoffman et al., 1987; Lovering et al., 2009). However, we
have previously reported that loss in whole muscle function
after injury is also associated with alterations in NMJ endplate
morphology and synaptic transmission in mdx mice (Pratt
et al., 2013, 2015). Such structural and functional changes may
be another contributor to the greater force loss seen after
injury (i.e., muscle fragility) in dystrophic muscle. Based on
these findings, we hypothesized that the absence of dystrophin
in muscle not only affects the motor endplate, but also the
spatial relationship and organization among the terminal axon,
presynaptic terminal bouton and postsynaptic membrane. In this
study, we further examined changes inNMJmorphology between
WT and mdx muscle. Our data support a model where both
pre- and postsynaptic structural abnormalities in the NMJ of
mdx mice contribute to deficits in NMJ function and muscle
contractility, ultimately impairing neuromuscular health.
Methods
Animals
We used age-matched male control (WT) and mdx (lacking
dystrophin) mice from the C57BL/10ScSnJ strain (The Jackson
Laboratory, Bar Harbor, ME). A total of 14 mice were used (3
months of age, N = 8 and 6 months of age, N = 6). All
experimental procedures were approved by the University of
Maryland Institutional Animal Care & Use Committee.
Assessment of Subsynaptic Nuclei at the Motor
Endplate
Animals were perfusion-fixed through the left ventricle with 4%
paraformaldehyde (3 months of age: WT, N = 1; mdx, N =
1). Quadriceps muscles were dissected and stored in fixative
for 24–48 h until stained with α-Bungarotoxin (BTX, identifies
the acetylcholine receptors of the postsynaptic membrane of the
NMJ) conjugated to Alexa Fluor-488 (B13422, Life Technologies,
Carlsbad, CA) at a 1:200 dilution in phosphate buffered saline
(PBS) for 1 h. The quadriceps whole mount tissue preparations
were then mounted in Vectashield antifade mounting medium
with DAPI (4′,6-diamidino-2-phenylindole, identifies nuclei)
(H-1200, Vector Laboratories, Bulingame, CA) and firmly
coverslipped using tape. Digital images of NMJs from whole
mount tissue preparations were obtained with a Zeiss 510
confocal laser-scanning microscope (63x objective, zoom 2)
with pinhole set at 1.0 Airy unit. Only NMJs in a complete
en face view were selected for analysis (WT, N = 27; mdx
N = 21). This was confirmed using 3 dimensional rotating
images of NMJs, reconstructed from confocal Z-stacks (via the
projection application in the Zeiss LSM image browser software).
To encompass NMJs at different depths in the whole mount,
laser intensity and scan settings, for each color channel, were
adjusted on a sample-to-sample basis until signal saturation was
achieved, as indicated using the range indicator in LSM software.
Confocal Z-stacks of the entire postsynaptic membrane at the
NMJ were acquired, and only nuclei present within this range
were identified as subsynaptic (Simon et al., 1992; Briguet and
Ruegg, 2000) and included for analysis. A maximum intensity
flat plane projection was then made from Z-stacked images in
Image J software (NIH) to account for the depth of the NMJ
in measurements. After background was subtracted and noise
despeckled, a Gaussian Blur filter with σ = 2.00 was applied.
Binary images were then generated. For each image, the motor
endplate was outlined using freehand tools in Image J and
identified as the region of interest (ROI) which encompasses
the acetylcholine receptor clusters. Nuclei that were completely
within, as well as those partially crossing, the boundary of the ROI
were quantified for each NMJ. To account for differences in the
number of nuclei among NMJs, and between groups, as a result
of size differences in the motor endplate, the number of nuclei
quantified was normalized to total area of the endplate, for each
NMJ.
Nerve Morphology and Presynaptic to
Postsynaptic Occupancy
Whole mount tissue preparations from the quadriceps were
acquired as above (3 months of age: WT, N = 3; mdx, N =
3. 6 months of age: WT, N = 4; mdx, N = 2). Samples
were then permeabilized with 0.5% triton in PBS for 30min
and blocked with 3% bovine serum albumin (BSA) in PBS
for 1 h, both at room temperature. Samples were incubated
simultaneously with primary antibodies against synaptophysin
(mouse monoclonal, M7315, Dako, Carpinteria, CA) at a
1:50 dilution in PBS and neurofilament heavy chain (chicken
polyclonal, CPCA-NF-H, EnCor Biotechnology Inc., Gainesville,
FL) at a 1:1000 dilution in PBS overnight at 4◦C. After
washing 3 times for 10min each, goat anti-mouse (conjugated
to Alexa Fluor-488, A21235, Life Technologies, Carlsbad, CA),
and goat anti-chicken (conjugated to Alexa Fluor-647, A21449,
Life Technologies, Carlsbad, CA) secondary antibodies were
diluted 1:100 in PBS and applied to samples for 2 h at 4◦C.
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At the time of incubation with secondary antibodies, samples
were also incubated with BTX conjugated to Alexa Fluor-555
(B35451, Life Technologies, Carlsbad, CA) at a 1:200 dilution.
Finally, samples were washed 3 times at 10min each, mounted
in Vectashield antifade mounting medium (H-1000, Vector
Laboratories, Burlingame, CA), and firmly coverslipped using
tape. Confocal Z-stacks were acquired as above, however the
limits of the Z-stack were identified using the upper limit of
neurofilament labeling (NF-H) (Figure 1, purple) and the lower
limit of postsynaptic staining (BTX) (Figure 1, red). Presynaptic
labeling (synaptophysin) (Figure 1, green) present within this
range was also used for analysis. Images were then processed
in Image J as described above, from which pixel area (µm2)
was measured. NMJ occupancy (Dachs et al., 2011; Sleigh et al.,
2014) was calculated as a percentage of presynaptic area vs.
postsynaptic area (pre/post ∗ 100) (NMJs from 3 month old
mice: WT, N = 28; mdx N = 26. NMJs from 6 month old
mice: WT, N = 34; mdx N = 24). Images of neurofilament
were further processed as described (Pratt et al., 2013). Briefly,
binary images were skeletonized and a histogram describing
the connectivity for each pixel were generated using the
BinaryConnectivity.class Image J plugin (http://www.dentistry.
bham.ac.uk/landinig/software/software.html). Histogram bins
correspond to the number of neighboring pixels for each pixel.
One neighbor implies a terminal pixel, two neighbors imply
a pixel along a single branch, and three or more neighbors
indicate that a pixel exists at a branch node. Thus, discontinuities
(terminal pixel) or branching (3+ neighbors) were quantified
(Discontinuity. NMJs from 3 month old mice: WT, N = 17; mdx
N = 24. NMJs from 6 month old mice: WT, N = 30; mdx
N = 18) (Branching.NMJs from 3 month old mice: WT, N = 17;
mdx N = 24. NMJs from 6 month old mice: WT, N = 23; mdx
N = 15).
Statistical Analysis
To evaluate differences between groups a Two-Way ANOVA
was used (SigmaStat, San Rafael, CA). A Holm-Sidak post
hoc analysis was performed to determine where significant
differences had occurred. Significance was set at p < 0.05.
Results
Motor endplate fragmentation is seen independent of injury in
a variety of hindlimb and forelimb muscles of dystrophic mice
(Lyons and Slater, 1991; Kong and Anderson, 1999; Santo Neto
et al., 2003; Banks et al., 2009). Dystrophin is not required
for NMJ formation, but is thought to be required for endplate
maintenance (Kong and Anderson, 1999), as the motor endplate
is significantly altered in mdx muscle compared to the NMJ in
WTmuscle (Figure 2, green). Interestingly, the nuclei underlying
NMJs from dystrophic muscle (Figure 2, blue) are increased in
number (from 12 ± 4 to 22 ± 8, WT vs. mdx, respectively)
and density (from 0.009 ± 0.003 to 0.013 ± 0.004, WT vs. mdx
respectively) (Figure 2, bar graphs).
Structure is clearly amajor determinant of function in biology,
especially in muscle. In the same way that the development
of force relies on the controlled overlap of actin and myosin,
the apposition of the nerve terminal and the underlying
motor endplate is likely a major determinant of NMJ function.
NMJ occupancy describes the overlap between the presynaptic
FIGURE 1 | Representative images of healthy and dystrophic neuromuscular junctions. Images show confocal Z-stacks of neuromuscular junctions (NMJ)
from both a wild type (WT) and dystrophic (mdx) mouse. Antibodies against neurofilament (terminal nerve, purple) and synaptophysin (presynaptic vesicles, green) and
α-bungarotoxin staining (BTX, postsynaptic acetylcholine receptors, red) were used to image the complete structure of the NMJ. The boundaries of the Z-stack were
defined by the upper limit of neurofilament labeling and the lower limit of BTX staining. Scale bar = 10µm.
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FIGURE 2 | NMJ and nuclei. Images of wild type (WT) and dystrophic (mdx) NMJs from quadriceps whole mount preparations showing the postsynaptic structure
(green, BTX) and the subsynaptic nuclei (blue, DAPI). Corresponding bar graphs show quantification of nuclei specifically at the motor endplate (dotted line) as well as
counts of nuclei normalized to endplate area. Data collected from 48 NMJs (27 WT, 21 mdx, 3 months of age). *Indicates significance compared to wild type
(p < 0.05). Scale bar = 10µm.
and postsynaptic morphology of the NMJ, which in healthy
muscle is high. We used antibodies against synaptic vesicles
(synaptophysin) to image the terminal bouton of the neuron
and BTX to stain acetylcholine receptors of the motor endplate
(Figure 3, green and red, respectively). The orientation of these
structures is altered in mdx muscle such that the ratio (percent
occupancy) of pre-to postsynaptic area is significantly reduced
(WT, 56.2 ± 12.9 %; mdx, 33.5 ± 10.3%). Despite this reduction
in pre- to postsynaptic ratio, the overall alignment of the
presynaptic terminal bouton and postsynaptic motor endplate
remains.
We also examined the terminal aspect of the neuron (using
antibodies against neurofilament, Figure 4, purple) in close
proximity to the motor endplate (using BTX, Figure 4, red).
Composite images of confocal Z-stacks were processed and
analyzed using Image J. We found intra-terminal and extra-
terminal (aka pre-terminal) branching (axonal sprouting) as
reported by others (Santo Neto et al., 2003; Marques et al.,
2007) (Figure 4B, purple). However, quantification in the current
study provides significant data showing a lack of continuity
(Figure 4C) and an increase in branching (Figure 4D). All
morphological data are summarized in Table 1.
Discussion
The genetic basis for DMD has been determined (Wagner,
2002; Lovering et al., 2005; McNally and Pytel, 2007), but the
mechanisms responsible for the progressive decrease in muscle
specific force and increased susceptibility to injury are still being
clarified. The increased force loss after injury is hypothesized to
be due to structural weakness of the muscle fiber cytoskeleton
or changes in signaling secondary to the loss of dystrophin
(Lovering et al., 2009).
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FIGURE 3 | NMJ occupancy. Overlay images of wild type (WT) and dystrophic (mdx) NMJs showing both the presynaptic terminal bouton (green, synaptophysin)
and postsynaptic acetylcholine receptors (red, BTX). NMJ occupancy was calculated as, (presynaptic area/postsynaptic area)*100. Data collected from 58 NMJs (34
WT, 24 mdx). *Indicates significance compared to wild type (p < 0.05). Scale bar = 10µm.
Bidirectional communication between muscle fibers and
motor neurons is extremely important for maintenance of
the neuromuscular apparatus (Grinnell, 1995). Effective
neurotransmission depends upon the regular arrangement
of postsynpatic AChRs and proper alignment between the
terminal bouton and underlying motor endplate. The absence of
dystrophin causes motor endplate fragmentation as evidenced by
staining of AChRs, but dystrophin (Kong and Anderson, 1999)
is not required for the formation and clustering of AChRs. In
addition to muscle-dependent changes in the motor endplate,
neuron-dependent mechanisms are also involved in the changes
in acetylcholine receptor distribution in young dystrophic
muscles (Marques et al., 2007).
Motor endplate fragmentation is typical in adult dystrophic
mice and, although some have suggested that the altered
morphology is secondary to the destabilization of the sarcolemma
and cytoskeleton in mdx muscle (Banks et al., 2009), others
suggest that the disrupted morphology is the consequence of
myofiber degeneration and regeneration (Minatel et al., 2001;
Li et al., 2011). Axonal sprouts are induced in the presence of
regenerating muscle fibers (van Mier and Lichtman, 1994) and
because cycles of degeneration-regeneration occur in patients
with DMD and in mdx mice, the incidence of sprouting is
expected to be higher in dystrophic motor neurons. While there
is an increase in the amount of intra-terminal and extra-terminal
sprouting during the normal course of the disease in the mdx
mice (Lyons and Slater, 1991), no collateral axonal sprouting
has been reported in DMD patients (Coërs and Telerman-
Toppet, 1977). Santo et al. have suggested that such findings,
i.e., a reduced or absent axonal sprouting capacity in muscular
dystrophy, could partially underlie the poor functional recovery
seen after cell-based therapies (Santo Neto et al., 2003).
Interestingly, our data are also consistent with a more
active neuronal role in NMJ fragmentation and remodeling,
beyond the passive compensatory response to cyclic muscle
degeneration implied in the above studies. Indeed, several studies
reveal a strikingly similar fragmentation phenotype in response
to denervation in the absence of cyclic muscle degeneration-
regeneration, including damage to the nerve cell body (Kuromi
and Kidokoro, 1984), peripheral nerve injury (Apel et al., 2009),
or age-dependent denervation (Valdez et al., 2010). Further, the
delivery of certain truncated dystrophins and resulting rescue of
muscle degeneration, does not prevent NMJ fragmentation in
mdxmice (Banks et al., 2009).
In terms of functional impact, the relative roles of myofiber
injury, degeneration, and denervation that contribute to the
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FIGURE 4 | Neuronal morphology. (A1,B1) Overlay images of wild type (WT, A1–A3) and dystrophic (mdx, B1–B3) NMJs showing the terminal aspect of the neuron
(purple, neurofilament) and postsynaptic acetylcholine receptors (red, BTX). (A2,B2) Shows examples of the neuron before processing, followed by skeletonization of
digital images post-processing (A3,B3). Binary images were skeletonized and the corresponding histograms describing the discontinuity (C) and branching (D) were
generated as described in the Methods. Data collected from 48 NMJs (30 WT, 18 mdx). *Indicates significance compared to wild type (p < 0.05). Scale bar equals
10µm.
changes seen in NMJ morphology of dystrophic muscles
are not yet known, but will be important to elucidate, as
NMJ dysfunction is fundamental to understanding impairment
of muscle. Morphological changes in the NMJ, together
with changes in NMJ transmission, can result in excitation–
contraction impairment, causing a decline in muscle contractility
(Pratt et al., 2013). Animal studies have shed light on the
importance of NMJ structure, but direct study of NMJ in
humans remains extremely challenging. There is great interest
in the changes that occur at the NMJ with aging (Deschenes
et al., 2011, 2013; Jang and Van Remmen, 2011; Punga and
Ruegg, 2012; Gonzalez-Freire et al., 2014; Rudolf et al., 2014)
and in aging muscle it remains unclear whether denervation
precedes sarcopenia, or vice versa (Gonzalez-Freire et al.,
2014). Though our data did not reveal any changes in
NMJ morphology between young (3 months) and mature (6
months) mice, save for a slight increase in terminal nerve
fragmentation (Table 1), there is strong evidence that changes
in endplate morphology and NMJ remodeling occur with aging,
and even precede loss of motor units (Gonzalez-Freire et al.,
2014). However, it is unlikely that there is a change in NMJ
occupancy, as presynaptic to postsynaptic relationships are
tightly maintained with aging (Deschenes et al., 2013). On
the other hand, synaptic transmission becomes more variable
with age in the mdx mouse model of DMD (Carlson and
Roshek, 2001; Kawabuchi et al., 2011), which could provide
one explanation why, despite the consistent lack of dystrophin,
mdx skeletal muscle generates less specific force and becomes
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TABLE 1 | Summary of NMJ morphological characteristics.
Age WT mdx
3 months 6 months 3 months 6 months
SVµm2 209.3± 77.5 216.4±65.4 147.4±75.8* 189.4±90.6*
AChRsµm2 340.7± 122.9 394.0±132.0† 458.8±198.8* 577.0±277.3*†
Nerveµm2 120.1± 50.8 129.8±59.3 134.8±67.1 173.1±127.8
NMJ occupancy (%) 59.4± 17.2 56.2±12.9 35.3±16.8* 33.5±10.3*
Discontinuity 15.6± 6.8 36.1±24.7† 38.4±24.6* 77.7±34.6*†
Branching 11.7± 7.7 14.3±6.7 21.5±14.1* 28.4±14.8*
Data were derived from wild type (WT) and dystrophic (mdx) mouse quadriceps muscles at 3 months and 6 months of age. Confocal Z-stack images of NMJs were processed
(as described in Methods) and area measured for the terminal nerve, presynaptic structure (synaptic vesicles, SV) and postsynaptic endplate (acetylcholine receptors, AChRs). NMJ
occupancy is calculated as (presynaptic area/postsynaptic area) * 100. Discontinuity and branching at the terminal nerve were derived from skeletonized images of the nerve (as
described in Methods). *Indicates significance compared to age-matched wild type (p < 0.05).
†
Indicates significance between young and adult (p < 0.05).
more susceptible to damage with age (Chan et al., 2007).
Such dramatic NMJ structural and functional impairment
in the mdx mouse may reflect contributions from changes
in the spatial relationship between pre- and postsynaptic
structures.
In the current study, we report a decrease in synaptic
vesicle area in mdx mice compared to WT. This finding is
in agreement with an earlier study in mdx mice showing
a decrease in presynaptic area (Torres and Duchen, 1987),
but differs from other studies showing no change (Lyons
and Slater, 1991) in mdx mice and in Duchenne patients
(Jerusalem et al., 1974). It is possible that the discrepancy
lies in the methods, as these studies used electron microscopy
of multiple muscle sections for area measurements, while the
current study used one image to measure area. Similarly, two
of these studies report a decrease in post- to presynaptic
length ratios (Jerusalem et al., 1974; Torres and Duchen, 1987),
while Lyons and Slater report no differences in occupancy
(Lyons and Slater, 1991). Here, we show a reduction in NMJ
occupancy that was due to both a reduction in presynaptic
area and an increase in postsynaptic area, when compared
to WT.
An unexpected finding was that the nuclei underlying NMJs
are increased in number and density in dystrophic muscles.
Preferential transcription of synaptic genes occurs in these
synapse-associated nuclei (i.e., subsynaptic nuclei) and are
transcriptionally distinct from other myonuclei of the muscle
fiber (Simon et al., 1992; Briguet and Ruegg, 2000). The
implications from the increased number of nuclei is not yet
clear, but we have previously shown a marked increase in AChR
transcripts in mdx muscle (Pratt et al., 2015) and the increased
nuclei could represent some sort of compensatory response.
Maintaining a high concentration of AChRs at NMJ requires
replacement of AChRs (Fambrough, 1979) by local insertion
of AChRs into the postsynaptic membrane (Role et al., 1985).
Furthermore, the mRNAs encoding the different subunits of
the AChR are highly concentrated at synaptic sites in adult
myofibers (Merlie and Sanes, 1985; Fontaine and Changeux,
1989; Brenner et al., 1990). Although the pathway remains
unclear, evidence strongly suggests that transcriptional control of
AChR genes in subsynaptic nuclei is crucial for proper clustering
of AChRs (Ferraro et al., 2012). Muscle-specific kinase (MuSK)
appears to be necessary for synapse-specific transcription (Herbst
and Burden, 2000; Lacazette et al., 2003) and we have shown
previously that MuSK is reduced in mdx muscle (Pratt et al.,
2013).
Our study has several limitations. With our methods, we
cannot distinguish myonuclei from satellite cells. We also cannot
be positive that the nuclei are only myonuclei, as there are
also nuclei from non-muscle cells associated with the NMJ. For
example, non-mylenating Schwann cells, or terminal Schwann
cells (TSCs), are located at the terminal motor nerve and their
processes cover the terminal bouton. There is growing evidence
that TSCs play an important role in synaptic transmission,
synaptogenesis, and nerve regeneration (Balice-Gordon, 1996;
Lubischer and Bebinger, 1999; Grady et al., 2005; Smith et al.,
2013; Kang et al., 2014), particularly at the NMJ in mdx muscles
(Pereira et al., 2001; Personius and Sawyer, 2005; Marques et al.,
2006, 2007). By using a confocal Z-stacked image with boundaries
limited to BTX staining, only nuclei within the sarcolemmal
region should have been used in our analysis, but we cannot
rule out the presence of TSCs without specific labeling for
them.
Another limitation is that we did not examine mdx mice
younger than 3 months of age. A “critical period” has been
described for the mdx mouse, during which there is a peak in
muscle weakness, myofiber necrosis and regeneration between
the 2nd and 5th weeks of life (Dangain and Vrbova, 1984;
Glesby et al., 1988; Muntoni et al., 1993; De la Porte et al.,
1999; Chamberlain et al., 2007). Althoughmdxmice continues to
show marked muscle weakness and susceptibility to contraction-
induced injury throughout their lifespan, the critical period
is a time that most closely mimics the histopathology seen
in DMD.
In summary, the NMJ does not have a fixed, permanent
structure, but instead shows plasticity in response to muscle
injury, disease, and aging. We report here that, despite the
tight coupling between presynaptic and postsynaptic structure
reported for aging NMJs, this overlap between presynaptic and
postsynaptic morphology (NMJ occupancy) is altered in the
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mouse model of Duchennemuscular dystrophy. This remodeling
reflects plasticity in both pre- and postsynaptic contributors
to NMJ structure, which could influence neuromuscular
transmission and ultimately muscle function, however further
study is needed to fully understand these structure-function
relationships.
Acknowledgments
The authors wish to thank Dr. Darin Falk (University of Florida)
for his helpful suggestions regarding antibody selections. This
work was supported by grants to RL from the National Institutes
of Health (1R01AR059179).
References
Adams, M. E., Kramarcy, N., Krall, S. P., Rossi, S. G., Rotundo, R. L., Sealock,
R., et al. (2000). Absence of alpha-syntrophin leads to structurally aberrant
neuromuscular synapses deficient in utrophin. J. Cell Biol. 150, 1385–1398. doi:
10.1083/jcb.150.6.1385
Apel, P. J., Alton, T., Northam, C., Ma, J., Callahan, M., Sonntag, W. E., et al.
(2009). How age impairs the response of the neuromuscular junction to nerve
transection and repair: an experimental study in rats. J. Orthop. Res. 27,
385–393. doi: 10.1002/jor.20773
Balice-Gordon, R. J. (1996). Dynamic roles at the neuromuscular junction.
Schwann cells. Curr. Biol. 6, 1054–1056. doi: 10.1016/S0960-9822(02)70662-3
Banks, G. B., Chamberlain, J. S., and Froehner, S. C. (2009). Truncated dystrophins
can influence neuromuscular synapse structure. Mol. Cell. Neurosci. 40,
433–441. doi: 10.1016/j.mcn.2008.12.011
Brenner, H. R., Witzemann, V., and Sakmann, B. (1990). Imprinting of
acetylcholine receptor messenger RNA accumulation in mammalian
neuromuscular synapses. Nature 344, 544–547. doi: 10.1038/344544a0
Briguet, A., and Ruegg,M. A. (2000). The Ets transcription factor GABP is required
for postsynaptic differentiation in vivo. J. Neurosci. 20, 5989–5996.
Bulfield, G., Siller, W. G., Wight, P. A., and Moore, K. J. (1984). X chromosome-
linked muscular dystrophy (mdx) in the mouse. Proc. Natl. Acad. Sci. U.S.A. 81,
1189–1192. doi: 10.1073/pnas.81.4.1189
Carlson, C. G., and Roshek, D. M. (2001). Adult dystrophic (mdx) endplates
exhibit reduced quantal size and enhanced quantal variation. Pflugers Arch. 442,
369–375. doi: 10.1007/s004240100561
Chamberlain, J. S., Metzger, J., Reyes, M., Townsend, D., and Faulkner, J. A.
(2007). Dystrophin-deficient mdx mice display a reduced life span and are
susceptible to spontaneous rhabdomyosarcoma. FASEB J. 21, 2195–2204. doi:
10.1096/fj.06-7353com
Chan, S., Head, S. I., and Morley, J. W. (2007). Branched fibers in dystrophic mdx
muscle are associated with a loss of force following lengthening contractions.
Am. J. Physiol. Cell Physiol. 293, C985–C992. doi: 10.1152/ajpcell.00128.2007
Chipman, P. H., Franz, C. K., Nelson, A., Schachner, M., and Rafuse, V. F.
(2010). Neural cell adhesion molecule is required for stability of reinnervated
neuromuscular junctions. Eur. J. Neurosci. 31, 238–249. doi: 10.1111/j.1460-
9568.2009.07049.x
Coërs, C., and Telerman-Toppet, N. (1977). Morphological changes of motor
units in Duchenne’s muscular dystrophy. Arch. Neurol. 34, 396–402. doi:
10.1001/archneur.1977.00500190030004
Dachs, E., Hereu, M., Piedrafita, L., Casanovas, A., Calderó, J., and Esquerda,
J. E. (2011). Defective neuromuscular junction organization and postnatal
myogenesis in mice with severe spinal muscular atrophy. J. Neuropathol. Exp.
Neurol. 70, 444–461. doi: 10.1097/NEN.0b013e31821cbd8b
Dangain, J., and Vrbova, G. (1984). Muscle development in mdx mutant mice.
Muscle Nerve 7, 700–704. doi: 10.1002/mus.880070903
De la Porte, S., Morin, S., and Koenig, J. (1999). Characteristics of skeletal muscle
in mdx mutant mice. Int. Rev. Cytol. 191, 99–148.
Deschenes, M. R., Hurst, T. E., Ramser, A. E., and Sherman, E. G. (2013).
Presynaptic to postsynaptic relationships of the neuromuscular junction are
held constant across age and muscle fiber type. Dev. Neurobiol. 73, 744–753.
doi: 10.1002/dneu.22095
Deschenes, M. R., Roby, M. A., and Glass, E. K. (2011). Aging influences
adaptations of the neuromuscular junction to endurance training.Neuroscience
190, 56–66. doi: 10.1016/j.neuroscience.2011.05.070
Fambrough, D. M. (1979). Control of acetylcholine receptors in skeletal muscle.
Physiol. Rev. 59, 165–227.
Ferraro, E., Molinari, F., and Berghella, L. (2012). Molecular control of
neuromuscular junction development. J. Cachexia Sarcopenia Muscle 3, 13–23.
doi: 10.1007/s13539-011-0041-7
Fontaine, B., and Changeux, J. P. (1989). Localization of nicotinic acetylcholine
receptor alpha-subunit transcripts during myogenesis and motor
endplate development in the chick. J. Cell Biol. 108, 1025–1037. doi:
10.1083/jcb.108.3.1025
Glesby, M. J., Rosenmann, E., Nylen, E. G., and Wrogemann, K. (1988).
Serum CK, calcium, magnesium, and oxidative phosphorylation in mdx
mouse muscular dystrophy. Muscle Nerve 11, 852–856. doi: 10.1002/mus.8801
10809
Gonzalez-Freire, M., de Cabo, R., Studenski, S. A., and Ferrucci, L. (2014). The
neuromuscular junction: aging at the crossroad between nerves and muscle.
Front. Aging Neurosci. 6:208. doi: 10.3389/fnagi.2014.00208
Grady, R. M., Starr, D. A., Ackerman, G. L., Sanes, J. R., and Han, M. (2005). Syne
proteins anchor muscle nuclei at the neuromuscular junction. Proc. Natl. Acad.
Sci. U.S.A. 102, 4359–4364. doi: 10.1073/pnas.0500711102
Grady, R. M., Zhou, H., Cunningham, J. M., Henry, M. D., Campbell, K. P., and
Sanes, J. R. (2000). Maturation andmaintenance of the neuromuscular synapse:
genetic evidence for roles of the dystrophin–glycoprotein complex. Neuron 25,
279–293. doi: 10.1016/S0896-6273(00)80894-6
Grinnell, A. D. (1995). Dynamics of nerve-muscle interaction in developing and
mature neuromuscular junctions. Physiol. Rev. 75, 789–834.
Herbst, R., and Burden, S. J. (2000). The juxtamembrane region of MuSK
has a critical role in agrin-mediated signaling. EMBO J. 19, 67–77. doi:
10.1093/emboj/19.1.67
Hoffman, E. P., Brown, R. H. Jr., and Kunkel, L. M. (1987). Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell 51, 919–928. doi:
10.1016/0092-8674(87)90579-4
Jang, Y. C., and Van Remmen, H. (2011). Age-associated alterations
of the neuromuscular junction. Exp. Gerontol. 46, 193–198. doi:
10.1016/j.exger.2010.08.029
Jerusalem, F., Engel, A. G., and Gomez, M. R. (1974). Duchenne dystrophy. II.
Morphometric study of motor end-plate fine structure. Brain 97, 123–130. doi:
10.1093/brain/97.1.123
Kang, H., Tian, L., Mikesh, M., Lichtman, J. W., and Thompson, W. J. (2014).
Terminal Schwann cells participate in neuromuscular synapse remodeling
during reinnervation following nerve injury. J. Neurosci. 34, 6323–6333. doi:
10.1523/JNEUROSCI.4673-13.2014
Kawabuchi, M., Tan, H., and Wang, S. (2011). Age affects reciprocal cellular
interactions in neuromuscular synapses following peripheral nerve injury.
Ageing Res. Rev. 10, 43–53. doi: 10.1016/j.arr.2010.10.003
Kong, J., and Anderson, J. E. (1999). Dystrophin is required for organizing large
acetylcholine receptor aggregates. Brain Res. 839, 298–304. doi: 10.1016/S0006-
8993(99)01737-0
Kulakowski, S. A., Parker, S. D., and Personius, K. E. (2011). Reduced TrkB
expression results in precocious age-like changes in neuromuscular structure,
neurotransmission, and muscle function. J. Appl. Physiol. 111, 844–852. doi:
10.1152/japplphysiol.00070.2011
Kuromi, H., and Kidokoro, Y. (1984). Denervation disperses acetylcholine receptor
clusters at the neuromuscular junction in Xenopus cultures. Dev. Biol. 104,
421–427. doi: 10.1016/0012-1606(84)90097-6
Lacazette, E., Le, C. S., Gajendran, N., and Brenner, H. R. (2003). A novel pathway
for MuSK to induce key genes in neuromuscular synapse formation. J. Cell Biol.
161, 727–736. doi: 10.1083/jcb.200210156
Li, Y., Lee, Y., and Thompson, W. J. (2011). Changes in aging mouse
neuromuscular junctions are explained by degeneration and regeneration of
Frontiers in Physiology | www.frontiersin.org 8 September 2015 | Volume 6 | Article 252
Pratt et al. NMJ morphology
muscle fiber segments at the synapse. J. Neurosci. 31, 14910–14919. doi:
10.1523/JNEUROSCI.3590-11.2011
Lovering, R. M., Michaelson, L., and Ward, C. W. (2009). Malformed mdx
myofibers have normal cytoskeletal architecture yet altered EC coupling and
stress-induced Ca2+ signaling. Am. J. Physiol. Cell Physiol. 297, C571–C580.
doi: 10.1152/ajpcell.00087.2009
Lovering, R. M., Porter, N. C., and Bloch, R. J. (2005). The muscular dystrophies:
from genes to therapies. Phys. Ther. 85, 1372–1388.
Lubischer, J. L., and Bebinger, D. M. (1999). Regulation of terminal Schwann cell
number at the adult neuromuscular junction. J. Neurosci. 19:RC46.
Lyons, P. R., and Slater, C. R. (1991). Structure and function of the neuromuscular
junction in young adult mdx mice. J. Neurocytol. 20, 969–981. doi:
10.1007/BF01187915
Marques, M. J., Minatel, E., Guimaraes, A. O., and Neto, H. S. (2004). Distribution
of calcitonin gene-related peptide at the neuromuscular junction of mdx mice.
Anat. Rec. A Discov. Mol. Cell. Evol. Biol. 279, 798–803. doi: 10.1002/ar.a.20068
Marques, M. J., Pereira, E. C., Minatel, E., and Neto, H. S. (2006). Nerve-terminal
and Schwann-cell response after nerve injury in the absence of nitric oxide.
Muscle Nerve 34, 225–231. doi: 10.1002/mus.20576
Marques, M. J., Taniguti, A. P., Minatel, E., and Neto, H. S. (2007). Nerve
terminal contributes to acetylcholine receptor organization at the dystrophic
neuromuscular junction of mdx mice. Anat. Rec. 290, 181–187. doi:
10.1002/ar.20421
McNally, E. M., and Pytel, P. (2007). Muscle diseases: the muscular dystrophies.
Annu. Rev. Pathol. 2, 87–109. doi: 10.1146/annurev.pathol.2.010506.091936
Merlie, J. P., and Sanes, J. R. (1985). Concentration of acetylcholine receptor
mRNA in synaptic regions of adult muscle fibres. Nature 317, 66–68. doi:
10.1038/317066a0
Minatel, E., Santo Neto, H., and Marques, M. J. (2001). Acetylcholine receptors
and neuronal nitric oxide synthase distribution at the neuromuscular junction
of regenerated muscle fibers. Muscle Nerve 24, 410–416. doi: 10.1002/1097-
4598(200103)24:3<410::AID-MUS1014>3.0.CO;2-0
van Mier, P., and Lichtman, J. W. (1994). Regenerating muscle fibers induce
directional sprouting from nearby nerve terminals: studies in living mice.
J. Neurosci. 14, 5672–5686.
Muntoni, F., Mateddu, A., Marchei, F., Clerk, A., and Serra, G. (1993). Muscular
weakness in the mdx mouse. J. Neurol. Sci. 120, 71–77. doi: 10.1016/0022-
510X(93)90027-V
Pereira, E. C., Neto, H. S., and Marques, M. J. (2001). Immunolocalisation of
neuronal nitric oxide synthase at the neuromuscular junction of MDX mice:
a confocal microscopy study. J. Anat. 198, 663–671. doi: 10.1046/j.1469-
7580.2001.19860663.x
Personius, K. E., and Sawyer, R. P. (2005). Terminal Schwann cell structure
is altered in diaphragm of mdx mice. Muscle Nerve 32, 656–663. doi:
10.1002/mus.20405
Pratt, S. J., Shah, S. B., Ward, C. W., Inacio, M. P., Stains, J. P., and Lovering, R.
M. (2013). Effects of in vivo injury on the neuromuscular junction in healthy
and dystrophic muscles. J. Physiol. 591, 559–570. doi: 10.1113/jphysiol.2012.
241679
Pratt, S. J., Shah, S. B., Ward, C. W., Kerr, J. P., Stains, J. P., and Lovering,
R. M. (2015). Recovery of altered neuromuscular junction morphology and
muscle function in mdx mice after injury. Cell. Mol. Life Sci. 72, 153–164. doi:
10.1007/s00018-014-1663-7
Punga, A. R., and Ruegg, M. A. (2012). Signaling and aging at the neuromuscular
synapse: lessons learnt from neuromuscular diseases. Curr. Opin. Pharmacol.
12, 340–346. doi: 10.1016/j.coph.2012.02.002
Role, L. W., Matossian, V. R., O’Brien, R. J., and Fischbach, G. D. (1985). On the
mechanism of acetylcholine receptor accumulation at newly formed synapses
on chick myotubes. J. Neurosci. 5, 2197–2204.
Rudolf, R., Khan, M. M., Labeit, S., and Deschenes, M. R. (2014). Degeneration of
neuromuscular junction in age and dystrophy. Front. Aging Neurosci. 6:99. doi:
10.3389/fnagi.2014.00099
Sanes, J. R., and Lichtman, J. W. (1999). Development of the vertebrate
neuromuscular junction. Annu. Rev. Neurosci. 22, 389–442. doi:
10.1146/annurev.neuro.22.1.389
Santo Neto, H., Martins, A. J., Minatel, E., and Marques, M. J. (2003). Axonal
sprouting in mdx mice and its relevance to cell and gene mediated therapies for
Duchenne muscular dystrophy. Neurosci. Lett. 343, 67–69. doi: 10.1016/S0304-
3940(03)00220-9
Sieck, D. C., Zhan, W. Z., Fang, Y. H., Ermilov, L. G., Sieck, G. C., and Mantilla,
C. B. (2012). Structure-activity relationships in rodent diaphragm muscle
fibers vs. neuromuscular junctions. Respir. Physiol. Neurobiol. 180, 88–96. doi:
10.1016/j.resp.2011.10.015
Simon, A. M., Hoppe, P., and Burden, S. J. (1992). Spatial restriction of AChR gene
expression to subsynaptic nuclei. Development 114, 545–553.
Sleigh, J. N., Burgess, R. W., Gillingwater, T. H., and Cader, M. Z.
(2014). Morphological analysis of neuromuscular junction development and
degeneration in rodent lumbrical muscles. J. Neurosci. Methods 227, 159–165.
doi: 10.1016/j.jneumeth.2014.02.005
Smith, I. W., Mikesh, M., Lee, Y., and Thompson, W. J. (2013). Terminal Schwann
cells participate in the competition underlying neuromuscular synapse
elimination. J. Neurosci. 33, 17724–17736. doi: 10.1523/JNEUROSCI.3339-
13.2013
Torres, L. F., and Duchen, L. W. (1987). The mutant mdx: inherited myopathy
in the mouse. Morphological studies of nerves, muscles and end-plates. Brain
110(Pt 2), 269–299. doi: 10.1093/brain/110.2.269
Valdez, G., Tapia, J. C., Kang, H., Clemenson, G. D. Jr., Gage, F. H., Lichtman, J.
W., et al. (2010). Attenuation of age-related changes in mouse neuromuscular
synapses by caloric restriction and exercise. Proc. Natl. Acad. Sci. U.S.A. 107,
14863–14868. doi: 10.1073/pnas.1002220107
Wagner, K. R. (2002). Genetic diseases of muscle. Neurol. Clin. 20, 645–678. doi:
10.1016/S0733-8619(02)00002-6
Watkins, S. C., Hoffman, E. P., Slayter, H. S., and Kunkel, L. M. (1988).
Immunoelectron microscopic localization of dystrophin in myofibres. Nature
333, 863–866. doi: 10.1038/333863a0
Willmann, R., Possekel, S., Dubach-Powell, J., Meier, T., and Ruegg, M. A. (2009).
Mammalian animal models for Duchenne muscular dystrophy. Neuromuscul.
Disord. 19, 241–249. doi: 10.1016/j.nmd.2008.11.015
Wilson, M. H., and Deschenes, M. R. (2005). The neuromuscular junction:
anatomical features and adaptations to various forms of increased, or
decreased neuromuscular activity. Int. J. Neurosci. 115, 803–828. doi:
10.1080/00207450590882172
Wood, S. J., and Slater, C. R. (1997). The contribution of postsynaptic folds to
the safety factor for neuromuscular transmission in rat fast- and slow-twitch
muscles. J. Physiol. 500(Pt 1), 165–176. doi: 10.1113/jphysiol.1997.sp022007
Wood, S. J., and Slater, C. R. (2001). Safety factor at the neuromuscular junction.
Prog. Neurobiol. 64, 393–429. doi: 10.1016/S0301-0082(00)00055-1
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Pratt, Valencia, Le, Shah and Lovering. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Physiology | www.frontiersin.org 9 September 2015 | Volume 6 | Article 252
